Polybutylene (PB-1) fibers were spun at spinning speeds of 250-2500 m/min. A tensile tester was used to analyze the stress-strain behavior of these fibers. In addition, birefringence and the effect of aging were examined. A DMA (dynamic mechanical analyzer) was used to measure the storage modulus and loss modulus of the fibers. Nonwoven mats of the fibers were prepared and compression tests were run on these mats. The properties of the polybutylene fibers and mats were compared with the properties of common polypropylene fibers and mats.
processed PB-1 by cold rolling and film blowing. They then used density and wide angle X-ray techniques to show that applied stresses enhance the Form II to Form I transition. Shaw and Gilbert (1991) produced compression-molded samples from 8 different grades of material containing PB-1 and other olefins; in a later paper (1994) they also produced fibers from these 8 polymers. They showed that the presence of other olefins (as a comonomer or a blend) affects the sample crystallinity and, hence, the physical properties of the sample. Choi and White (1998) did further detailed work on the structure development during melt spinning of PB-1. Nakamura et al. (1999) fabricated films from PB-1 and observed that stress causes Form I to appear immediately during processing. Samon et al. (2000; 2001) examined the structure of PB-1 fibers as they were being produced and after (room temperature) annealing; they used spinning speeds up to 250 m/min. They found that higher spinning speeds caused an increase in crystallinity during the annealing step.
Our study analyzed the effect of different processing conditions on the final properties of polybutylene fibers produced at spinning speeds up to 2500 m/min --an order of magnitude higher than has been previously examined. The properties of the aged versus freshly produced fibers were compared. Also, comparisons of solid versus hollow PB-1 fibers and fiber mats were done. Hollow fibers were included in the study because previous work (de Rovere and Shambaugh, 2001) with PP showed that the properties of hollow fibers were comparable to the properties of solid fibers.
Experimental Details
Grade 0400 polybutylene-1 (Basell Polyolefins) was used in our work. This PB-1 has a melting temperature of 123.9 -126.1 O C, a specific gravity of 0.915, and a melt flow rate (MFR) of 20. The melt spinning of the polybutylene was carried out using two types of spinning equipment. The first type (see Figure 1 ) consisted of a Brabender™ single screw extruder, a spin pack equipped with a gear pump, and a spinneret. The extruder barrel was 19.0 mm (0.75 in.) in diameter and 381 mm (15 in) in length and had a compression ratio of 3:1. The spin pack contained a Zenith™ gear pump that metered and pressurized the molten polymer. A single-hole spinneret was used for the production of solid fibers, and a tube-in-orifice spinneret was used for producing hollow fibers. The single-hole spinneret had a diameter of 0.407 mm (0.016 in) and a length 2.97 mm (0.1169 in). The tube-in-orifice spinneret had a polymer annulus with a 1.98 mm (0.078 in) outer diameter and an inner diameter of 1.22 mm (0.048 in). The nitrogen capillary diameter was 0.76 mm (0.030 in).
The polymer filament was drawn by a mechanical take up roll located 1 m below the spinneret. This roll was used only for spinning speeds up to 1500 m/min. For higher spinning speeds an air venturi was used. This venturi allowed spinning speeds up to 4000 m/min. The Brabender extruder was kept at 225 O C, the spin pack was kept at 205 oC, and the spin- The data are from Choi et al. (1966) and Nakamura et al. (1999) .
used for the higher polymer flow rates (0.45, 0.50, and 1.0 g/min). For lower polymer flowrates (0.23 and 0.30 g/min), a ram extruder was used to provide smooth, controllable polymer flow. This equipment operated in batch, rather than continuous mode. The ram extruder barrel had a length of 8 in (203 mm) and a 0.375 in (9.525 mm) diameter. The same spinnerets that were used for the continuous system (Figure 1) were also used for the batch system. For the ram extruder, the extruder barrel was kept at 225 O C and the spinneret was kept at 190 O C. Offline diameter measurements on the polybutylene fibers were done with a Nikon Labphoto2 POL Optical Microscope equipped with a micrometer eyepiece. Cross-sectional areas of hollow fibers were determined by microtoming the fibers and then examining them under the microscope. Birefringence measurements were also done with this microscope. Birefringence is defined as the difference between the parallel and the perpendicular refractive indexes of the fiber. Specifically, (1) where Δ is the birefringence and n parallel and n perpendicular are, respectively, the refractive index in the parallel and perpendicular directions to the fiber axis. With round fibers, fiber birefringence can be determined by the equation (2) where Δ is the relative retardation in nm, and d is the fiber diameter in nm. See Phillips (1971) for more information on these equations. In our work, the relative retardation was measured using the polarizing microscope with a Sernamont compensator technique.
The mechanical properties of the fibers were measured with an Instron model TT-B-L tensile tester. Each fiber sample was carefully placed between pneumatic grips; a gauge length of 2.3 cm was used. The fiber was then stretched at a constant cross-head speed of 2.54 cm/min (1.0 in/min) until breakage occurred. The stress-strain curve allowed the determination of ultimate yield strength, elongation at break, and modulus of elasticity.
Dynamic mechanical analysis (DMA) was used to obtain linear viscoelastic properties of the fibers as a function of temperature. The equipment used for this analysis was a Rheometric Scientific model RSA II. Individual fiber samples were held by monofilament grips and subjected to a preload of 1 gram. The storage and loss moduli were measured at a fixed frequency of 10 rad/sec (1.59 Hz) within a temperature range of -100 °C to 120 °C. Increments of 1.5 °C were used from -40 to 0 °C, and 4 °C increments were used elsewhere in the temperature range.
Compression tests were run on nonwoven webs of our polybutylene fibers. These webs were produced by collecting the fibers on a metal screen that was placed 40 cm below the air venturi. The compression tests were performed with a modification of standard test IST 120.4 (95) from the Association of the Nonwoven Fabrics Industry (Standard Methods, 1995) . This test uses weights and plates to determine the compression properties of the nonwoven material. Figure 2 shows a schematic of the set up. This modification of the standard test was originally developed by de Rovere and Shambaugh (2001) for use on webs of polypropylene fibers. In this modification, the sizes of the nonwoven specimens are scaled to 25% of the original values given in the INDA standard; however, the applied pressure (1825 Pa) on the specimens is identical to that suggested in the standard.
To provide comparisons with polypropylene spinning, we used 88 MFR Dypro isotactic polypropylene donated by the Fina Company. This polypropylene has an M w of 165,000 and a M n of 41,500. The same equipment used to spin the polybutylene was used to spin the polypropylene, and spinning conditions (except for operating temperatures) were the same as for the polybutylene. Figure 3 shows results of tensile tests run on fresh PB-1 fibers spun using a polymer flow rate of 0.5 g/min and spinning speeds ranging from 500 to 2500 m/min. By "fresh" is meant fibers whose tenacity was determined within 4 hours after spinning. The final fiber diameters ranged from 37.5 microns for the 500 m/min speed to 16.7 microns for the 2500 m/min speed. The highest take-up velocity gave the highest ultimate tensile strength and the lowest elongation; such behavior is common in polymer spinning Shambaugh, 1998a, 1998b; Vassilatos et al., 1985) .
Results and Discussion Properties of Aged and Fresh Polybutylene Fibers
Some of the fresh fibers were set aside and aged; Figure 4 shows the stress-strain behavior for these aged PB-1 fibers. "Aged" is defined as fibers that are allowed to sit at room temperature for one week. Like the fresh fibers, the aged fibers exhibit low tenacity and high elongation at the 500 m/min spinning speeds, intermediate stress-strain behavior at the 1000 m/min speed, and high tenacity with low elongation at speeds of 1500-2500 m/min. Both fresh and aged fibers show slight increases in tenacity and decreases in elongation in the range 1500-2500 m/min. The breaking strength (tenacity) of the fibers is of use in quantifying the differences between the Table 2 summarizes the tenacities of fresh and aged fibers. The aged samples may appear slightly weaker than the fresh fibers for spinning speeds of 500, 1000, 1500, and 2100 m/min; however, statistical calculations showed that, within a 95% confidence level, the tenacity measurements of the fresh versus aged samples are not significantly different. The standard deviations for these measurements are given in Table 2 . Figure 5 shows the final diameter (the diameter at the collector) of polybutylene fibers as a function of spinning speed. Data are given for polymer flowrates from 0.23 to 1.00 g/min. Data for aged and fresh samples are also shown in Figure 5 . As is typical for fiber spinning, smaller fiber diameters result from increased spinning speed and/or decreased polymer throughput. The diameters can also be predicted with the continuity equation that for this spinning system is Final fiber diameters varied from 37.6 microns for a spinning speed of 500 m/min to 16.8 microns for a spinning speed of 2500 m/min. Each curve is the average of 5 to 8 individual tensile tests. Of the 5-8 fibers involved in these tests, about half were produced during one day's run, while the other half were produced on another day. There was essentially no difference between the tensile results for the fibers made on different days.
ter profile. Since the standard deviation of the diameter measurements is about 1.2 microns, there is no statistical difference between the diameters of the aged and fresh fibers. So, for melt-spinning of polybutylene fibers, the diameter of the filaments does not significantly vary during the aging process. Figure 6a shows the breaking strength (tenacity) of aged polybutylene fibers for polymer flow rates of 0.23 to 1.00 grams/min. As expected, the tenacity of the fibers increases as the spinning speed is increased; this behavior is approximately linear. Also, lower polymer flow rates give higher fiber tenacities at the same spinning speed. This effect is likely due to higher molecular orientation induced by the higher draw ratio. The tenacity values in Figure 6a are quite high: fully drawn polyester and polypropylene have tenacities in the same range as the upper curve in the figure.
To compare the tenacities of aged fibers with the tenacities of fresh fibers, the best-fit lines from Figure 6a were replotted on Figure 6b . Also on Figure 6b are data for the tenacities of fresh fibers produced at polymer flow rates of 0.5 and 1.0 g/min. These fresh fiber samples were tested within 4 hours after the fibers were melt spun. The data for aged samples in Figure 6a were produced by setting aside fibers from the same batches of fibers that were used as fresh samples in Figure 6b . As stated earlier, the aged samples were allowed to age at room temperature for one week before the tenacity tests were conducted. Figure 6b shows that the fresh and aged samples have very similar tenacities. A quantification of this similarity is given in Table 2 . This table compares the tenacities and standard deviations of the tenacities for aged and fresh samples produced at 0.5 g/min. Statistical analysis (t-test) showed that there is essentially no difference in the tenacities of the aged versus the fresh samples. The same results apply for a polymer rate of 1.0 g/min.
Fiber Modulus
Besides the tenacity, the fiber modulus was also determined. For the same aged fibers that are the subject of Figure  6a , Figure 7a shows the moduli plotted as a function of spinning speed. The modulus was calculated as the slope of the initial linear segment in the stress-strain curve (specifically, the modulus was calculated as the slope at a strain of zero percent). Final fiber diameters varied from 37.3 microns for a spinning speed of 500 m/min to 16.7 microns for a spinning speed of 2500 m/min. Each curve is the average of from 5 to 8 individual tensile tests. Of the 5-8 fibers involved in these tests, about half were produced during one day's run, while the other half were produced on another day. There was essentially no difference between the tensile results for the fibers made on different days.
Figure 5 FINAL DIAMETER OF POLYBUTYLENE FIBERS AS A FUNCTION OF SPINNING SPEED
The fibers were spun using polymer flowrates from 0.23 to 1.00 g/min. The points represent the experimental data from offline diameter measurements, while the lines represent the theoretical diameters for a given polymer flowrate (see the key on the graph). Equation (3) was used for this calculation, and the assumed polymer density was 0.915 g/cm 3 .
Figure 6A TENACITY OF AGED POLYBUTYLENE FIBERS AS A FUNCTION OF SPINNING SPEED.
The fibers were spun using polymer flowrates from 0.23 to 1.00 g/min. The lines represent linear fits to the data for the respective polymer flowrates. different polymer flow rates have almost the same slope, and there is a significant increase in modulus as the polymer flow rate decreases. Similar to the above-mentioned results for tenacity, polybutylene fibers show a significantly higher modulus than (as spun) polypropylene fibers, especially at very low polymer flowrates.
To compare the moduli of aged fibers with the moduli of fresh fibers, the best-fit lines from Figure 7a were replotted on Figure 7b . Also on Figure 7b are data for the moduli of fresh fibers produced at polymer flow rates of 0.5 and 1.0 g/min.
These fresh fiber samples were tested within 4 hours after the fibers were melt spun. The data for aged samples in Figure 7a were produced by setting aside fibers from the same batches of fibers that were used for fresh samples in Figure 7b . The aged samples were allowed to age at room temperature for one week before the tenacity tests were conducted. Figure 7b shows that the fresh and aged samples have very similar moduli. Statistically, there are no differences in the moduli.
Fiber Elongation at Break (Eb )
The E b (elongation at break) of polymer fiber is also quite important. The E b values for the aged polybutylene fibers are shown in Figure 8a . The E b decreases rapidly as spinning speed rises to about 1000 m/min. As speed rises further, E b becomes nearly constant, which indicates that most structural development in the fiber has been achieved when spinning is at the 1000 m/min level (or above). The final E b is achieved earlier for the lower polymer flow rates.
To compare the E b of aged fibers with the E b of fresh fibers, the best-fit lines from Figure 8a were replotted on Figure 8b . Also on Figure 8b are data for the E b of fresh fibers produced at polymer flow rates of 0.5 and 1.0 g/min. This replotting procedure parallels what was done for Figures 6a and 6b and Figures 7a and 7b . Statistically, there are no differences in the E b of the aged versus the fresh fibers.
Fiber Birefringence
Birefringence measurements can help determine the orientation in polymer fibers. Figure 9a shows the birefringence of aged individual filaments of PB-1. Figure 9b shows the birefringence results for fresh filaments. In parallel to what was shown previously for tenacity, modulus, and Eb, there is no statistical difference in the birefringence values of the fresh versus the aged fibers. Similar to the behavior of polypropylene and polyester (Vassilatos et al., 1985) the birefringence increases as take up velocity increases. Also, the birefringence increases as polymer throughput decreases. These results parallel the tenacity results shown on Figures 6a and 6b . This is expected since, as birefringence increases, orientation and tenacity increase.
Properties of Polybutylene versus Polypropylene
The tenacity and elongation at break of polybutylene fibers are quite different than the same properties for polypropylene
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Figure 6B COMPARISON OF TENACITY OF FRESH POLYBUTYLENE FIBERS WITH THE TENACITY OF AGED FIBERS
The data points represent fresh fiber tenacities, while the lines represent averages of aged fiber tenacities. The data points used to produce these lines are shown in Figure 6a .
Figure 7A MODULUS OF AGED POLYBUTYLENE FIBERS AS A FUNCTION OF SPINNING SPEED
The fibers were spun using polymer flowrates from 0.23 to 1.00 g/min. The lines are linear fits to the data.
Figure 7B COMPARISON OF MODULUS OF FRESH POLYBUTYLENE FIBERS WITH THE MODULUS OF AGED FIBERS
The data points represent fresh fiber moduli, while the lines represent averages of aged fiber moduli. The data points used to produce these lines are shown in Figure 7a .
Figure 8A ELONGATION AT BREAK (E B ) OF AGED POLYBUTYLENE FIBERS
AS A FUNCTION OF SPINNING SPEED. The fibers were spun using polymer flowrates from 0.23 to 1.00 g/min. The data points for the 0.50 and 1.00 g/min flowrates were fitted using an exponential decay function, while the data for the 0.23 and 0.30 flowrates were fitted with a linear function.
Figure 8B COMPARISON OF E B OF FRESH POLYBUTYLENE FIBERS WITH THE E B OF AGED FIBERS.
The data points represent fresh fiber E b , while the lines represent averages of aged fiber E b .
The data points used to produce these lines are shown in Figure 8a .
Figure 9A BIREFRINGENCE OF AGED POLYBUTYLENE FIBERS AS A FUNCTION OF SPINNING SPEED
The fibers were spun using polymer flowrates from 0.23 to 1.00 g/min.
The lines are linear fits to the data for each polymer flowrate.
Figure 9B BIREFRINGENCE OF FRESH POLYBUTYLENE FIBERS AS A FUNCTION OF SPINNING SPEED
The data points represent the birefringence of fresh fibers, while the lines represent averages of the birefringence of aged fibers. The data points used to produce these lines are shown in Figure 9a .
fibers spun using nearly the same operating conditions. C. All other parameters, such as spinning speeds and polymer throughputs, were the same for the spinning of both fiber types. The results for PB-1 are given for the aged fibers. Table  3 compares the properties of PB-1 and PP fibers for spinning speeds of 800-1750 m/min and for two polymer flow rates.
As shown in Table 3 , the tenacities of the PB-1 are 3-4 times the tenacities of the corresponding PP fibers. An even bigger difference occurs for the elongation at break (E b ); the E b for the PP is 10-30 times larger than the E b for the PB-1. There is a tremendous amount of draw left in the PP fibers. Of course, at much higher spinning speeds (e.g., at 6000 m/min), the asspun PP will exhibit stress-strain behavior closer to the PB-1 (spun at lower speeds); see Bansal and Shambaugh (1998) for data on high-speed spinning of PP. Polyester exhibits behavior similar to PP. At commercial speeds of 3,200 m/min, polyester has residual draw, and the polyester is referred to as POY (partially oriented yarn). At speeds of 6,400 m/min, the polyester has almost no remaining draw, and the polyester is often called "hard" yarn; see Vassilatos et al. (1985) . What is interesting in our present work is that the PB-1 exhibits "hard" properties at much lower spinning speeds than needed for PP or polyester. This means that nonwoven webs of PB-1 could be much stronger than webs made from the commercially-common PP. For the case of melt blown fibers, PP webs often have to be reinforced with spunbonded fibers; the common SMS (spunbond-meltblown-spunbond) composite is an example of such a structure.
DMA Results for Aged, Fresh, Solid, and Hollow Fibers
Dynamic mechanical analysis (DMA) was used to examine our fibers. Fresh fibers were compared to aged fibers, and, in addition, solid fibers were compared to hollow fibers. Duplicate DMA measurements were carried out on each type of fiber that was tested. DMA on the fresh fibers was performed within 6 hours from the melt spinning process. The aged fibers were set aside for one week before testing. For these DMA tests, all fibers were spun using 1.00 g/min polymer flowrate and a spinning speed of 1500 m/min. The solid fibers produced with these conditions had an average diameter of 28.9 microns. A nitrogen flowrate of 1.00 ml/min was used for the production of hollow fibers with approximately 50% hollowness. The hollow fibers had an average inside diameter of 26.5 microns and an average outside diameter of 38.3 microns, with a standard deviation on the measurements of about 1.8 microns. Within this standard deviation, the cross-sectional area of hollow fibers is equivalent to the crosssectional area of the solid fibers. The hollowness of the fibers was calculated from the formula (de Rovere and Shambaugh, 2001 ) (4) where OD is the outer diameter of the fiber and ID is the inner diameter of the fiber. Figure 10 shows the results from the DMA analysis of fresh, solid PB-1 fibers, and Figure 11 The final fiber diameter was 28.9 microns. The fibers were allowed to age for one week at room temperature before the DMA was run. Two replicate measurements of fibers from the same batch are shown.
(E') and the loss modulus (E") that are calculated from the response of the polymer fiber when subjected to a sinusoidal loading. The E' represents the stiffness of the material, and E" represents the energy that the fiber loses as a consequence of internal motions or rearrangements. Tan delta is also shown in the graphs; tan delta is the ratio of the loss modulus to the elastic modulus. Tan delta represents the efficiency of the material with respect to loss and storage of energy. As mentioned earlier, the data were taken at 1. Figure 10 and Figure 11 show two replicate measurements on fibers from the same batch (i.e., fibers spun under the same conditions on the same day); as can be observed, there is little variance between the results for the replicate tests. To compare Figure 10 with Figure 11 The outside fiber diameter was 38.3 microns, and the inside fiber diameter was 26.5 microns. The DMA was run 6 hours after the fibers were produced. Two replicate measurements of fibers from the same batch are shown. The outside fiber diameter was 38.3 microns, and the inside fiber diameter was 26.5 microns. The fibers were allowed to age for one week at room temperature before the DMA was run. Two replicate measurements of fibers from the same batch are shown.
Figure 14 COMPRESSION AND RECOVERY BEHAVIOR OF SOLID, FRESH POLYBUTYLENE FIBERS SPUN
AT 1500 M/MIN AND POLYMER FLOWRATES OF 0.50, 1.00 AND 2.00 G/MIN.
The diameter of the fibers was 21.7 microns, 28.9 microns, and 43.4 microns for polymer flowrates of 0.50 g/min, 1.00 g/min, and 2.00 g/min respectively. Each data point represents the average of eight replicate samples.
turer handles in the plant, while solid, aged samples represent what the customer receives (assuming that at least two weeks passes between production and use). As it can be seen in Table   4 , at the three different temperatures the solid, fresh samples have 28.9 to 54.0 percent higher elastic moduli than the solid, one-week-aged fibers. As the temperature increases the E' difference between fresh and aged samples also increases: in the table the loss modulus ranges from 25.9 to 73.0 percent higher for the fresh versus the aged. Also, as with E', the E" difference is least at the glass transition temperature. Figure 12 shows the results from the DMA analysis of fresh, hollow PB-1 fibers, and Figure 13 shows the DMA results for the aged, hollow fibers. Both Figure  12 and Figure 13 show the data from two replicate measurements of fibers from the same batch; as can be observed, there is little variance between the results for the replicate tests. To compare Figure 12 with Figure 13 Table 5 . As can be seen, the fresh fibers have a higher E' and E" than the aged fibers, while the tan delta is about the same for the fibers. The percent difference between the E' and E" properties of the hollow, fresh and hollow, aged fibers (Table 5 ) is about the same as the difference between the solid, fresh and solid, aged fibers (Table 4) .
It is also of interest to compare hollow fibers with solid fibers. Table 6 gives this comparison. The table illustrates that, whether the fibers are fresh or aged, the hollow fibers have higher E' and E" than the solid fibers. Keep in mind that the cross-sectional area (i.e., the denier) of the hollow fibers is equivalent to that of the solid fibers. The differences between E' and E" for hollow versus solid fibers may be due to the differences in fiber stress during the formation process of the hollow versus the solid fibers.
Compression/Recovery Tests
As described in the experimental details section, we used a modified INDA test to perform compression/recovery tests on mats made from the PB-1 fibers. Both solid and hollow PB-1 fibers were spun at 0.5, 1.0, and 2.0 g/min polymer flow rates and a spinning speed of 1500 m/min. These fibers were collected as mats. The apparatus and technique used to analyze the mats is given in de Rovere and Shambaugh (2001) . The mat thickness was 20-24 mm for the range of polymer flowrates (0.5, 1.0, and 2.0 g/min). Figure 14 shows the compression/recovery behavior for solid, fresh polybutylene fibers. As described in the procedure developed by de Rovere and Shambaugh (2001) , the ordinate values show the height of the fiber web as the stainless steel weight is added and removed over a 24 hour period. Each data point in Figure 14 represents the average of eight replicate samples. Visual examination of Figure 14 The percent difference values were determined from the relation % difference = (fresh value -aged value)/(aged value)
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indicates that using a lower polymer flow rate gives a fiber mat with superior recovery. This is an expected result, since the fibers spun at lower polymer rate -and the same spinning speed -have better structure development (see Figures 6a, 7a, 8a, and 9a) . Point A on Figure 14 represents the initial height of the stack with the cover plate on top of the sample but with no weight added. Point B is the height of the stack with the weight added at time zero. Point C is the height of the stack after 10 min with the weight still upon the stack. Point D is the height at 10 minutes after the weight is immediately removed. This procedure of adding the weight for a time, and then removing the weight for a time, is carried on for 25 hours. Calculated parameters from the compression test are defined as follows: Figure 15 shows these calculated parameters for the data given in Figure 14 . Figure 15 reveals that, at the highest polymer flow rate, there is a decrease in compression resistance, immediate recovery, and long-term recovery. The elastic loss is significantly higher at the 2.0 g/min flow rate in comparison with the other flow rates. There is only a slight difference between the compression results for the 0.5 and 1.0 g/min polymer rates.
For a comparison of fresh versus aged material, compression studies were done on solid fibers that were fresh, aged 1-week and aged 2-weeks. The samples used for this comparison were run at 1.0 g/min polymer flowrate. Figure 16 compares the compression behavior of these fiber mats. The results show that there is no significant difference in the compression behavior of fresh versus aged PB-1 fibers.
A study on mats of hollow fibers was also conducted to compare the fresh with the aged fibers. The hollow fibers were spun at the same polymer flowrate (1.00 g/min) and the same spinning rate (1500 m/min) that were used to produce the solid The fibers were spun using a polymer flowrate of 1.00 g/min and a spinning speed of 1500 m/min. The fiber diameter was 28.9 microns.
fibers examined in Figures 15 and 16 . To produce about 50% hollowness, a nitrogen flowrate of 1.00 ml/min was used. Figure 17 shows the compression behavior for mats of these hollow PB-1 fibers. Mats of the fresh fibers have a little higher elastic loss, but the other three parameters are essentially the same for the fresh versus the aged samples. The data in Figures 16 and 17 can be used to compare mats of hollow fibers with mats of solid fibers. Table 7 shows this comparison. Hollow PB-1 fibers exhibit slightly less compression resistance and slightly greater elastic loss than the solid filaments. The Immediate recovery and the long-term recovery are essentially the same for the hollow and the solid fibers. In past work by de Rovere and Shambaugh (2001) , it was found that mats of hollow PP fibers have essentially the same compression/recovery parameters as do mats of solid PP fibers. Data from de Rovere and Shambaugh are included in Table 7 . Their PP mats have essentially the same immediate recovery as our polybutylene mats. However, their PP mats had less compression resistance and less long-term recovery, and their mats had higher elastic loss.
Conclusions
Melt-spun polybutylene fibers have high moduli and high tenacities compared to polypropylene or polyester fibers spun at similar speeds (250-2500 m/min). Hence, polybutylene fibers may be useful in producing strong webs of nonwoven fibers in processes that can capitalize on these high moduli and tenacities.
The properties of the polybutylene fibers and polybutylene nonwoven mats change relatively little with aging. The fibers were spun using a polymer flowrate of 1.00 g/min, a nitrogen flowrate of 1.00 mL/min, and a spinning speed of 1500 m/min. The fibers had an outside diameter of 38.3 microns, and inside diameter of 26.5 microns, and a hollowness of 50%. All fibers were made at a spinning speed of 1500 m/min and a polymer flowrate of 1.00 g/min (so the denier of all fibers was the same). The hollow fibers were made with a 1.00 ml/min nitrogen rate, which gave a hollowness of about 50%. The polybutylene data are from Figures 16 and 17 . The PP data are from de Rovere and Shambaugh (2001) and are values for 51% hollow fibers with an OD of 47 μm.
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Hence, aging should not be a problem in the use of these fibers. Nonwoven mats of polybutylene have compression/recovery properties that are as good as the compression/recovery properties of common polypropylene mats.
DMA results for hollow polybutylene fibers show that the hollow fibers have higher E' and E" than the solid fibers. However, compression/recovery of mats of hollow fibers is essentially the same as the compression/recovery of mats of solid fibers. d = fiber diameter, nm E'= modulus of elasticity, dyn/cm2 E" = loss modulus, dyn/cm2 H = fiber hollowness ID = fiber inner diameter m = mass flow rate, g/min n parallel = refractive index parallel to the fiber axis n perpendicular = refractive index perpendicular to the fiber axis OD = fiber outer diameter R = relative retardation, nm v = fiber velocity, m/min Greek Symbols Δn = fiber birefringence ρ = fiber density, g/cm3 tan δ = damping factor
